In this study, in order to explain the solvent and spin state effects on the molecular structure of catechol-Fe complex [Fe(cat) 3 ] n− where n = 2 and 3, Hartree 
Introduction
Iron is a pivotal nutrient for life which is one of the most abundant elements on the earth. It plays an important role in biological processes such as oxygen transport, energy generation, electron transfer and DNA synthesis [1] . Ironcontaining enzymes make up a large number of the O 2 -activating enzymes, because of the bioavailability of iron in Nature [2] . A sufficient supply of Fe is necessary for optimal plant productivity and agricultural product quality [3] . In one hand, iron is essential for the correct functioning of all living cells. On the other hand, it becomes toxic when presents in excess. The excess of iron may cause iron overload which is a condition that originates from the aggregation of iron in the body. This problem can be minimized by the iron chelating agents as a chelator prevents to catalyze redox reactions [4] [5] .
Catechol, which is a phenolic compound known as pyrocatechol or 1,2-dihydroxybenzene with the molecular formula C 6 H 4 (OH) 2 , acts as iron chelating agent [6] [7] . Basic solutions of catechol react with iron to form [Fe(cat) 3 ] n− complexes which have been widely used for the development of satisfactory chelating agents for the treatment of human metal intoxication [7] . Because of multiple redox states of iron and a number of open shell spin states in its different common oxidation states, the binding of iron with catechol and other chelating agents has opened up a wide variety of research activities in recent years. The redox chemistry and strong chelating abilities of Fe in the bulk aqueous phase are well established at the fundamental level [8] and recently were utilized in functionalizing surfaces and nanoparticles for applications in green chemistry [9] and in the development of biomedical and sensing devices [10] [11] [12] .
Several researchers have attempted for the fabrication of synthetic materials inspired by mussel byssal threads, in order to elucidate the Fe 3+ -catechol interaction mechanisms [13] [14] . The coordination between Fe 3+ and catechols is strongly dependent on the pH, and Fe 3+ does not affect a significant covalent crosslinking via oxidation of catechols, in a pH-controlled catechol-Fe 3+ cross-linking polymer [15] . However, spectroscopic evidence has linked the presence of Fe 3+ to catechol oxidation for decades [16] [17] [18] . It has been reported that catecholmodified polyethylene glycol (PEG) polymers could be covalently cross-linked under acidic pH conditions in the presence of Fe 3+ [19] [20] . Therefore, the mechanism of interactions between Fe 3+ and catechols must be extensively investigated.
Recent theoretical study based on HF/DFT hybrid functional has considered the ferric complexes of catecholic ligands which are close to the complexes of the present study [21] . [27] and electronic chemical potential (μ) [28] , as determined by using the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) energy gap. These findings help us understand the thermodynamic behavior of such systems as a function of the quantum chemistry descriptors.
Computational Details
The model compounds were subjected to geometry optimizations followed by computations of time dependent density functional theory (TD-DFT) electronic absorption spectra, IR spectra, and pre-resonance Raman spectra. The geometries of the complexes were optimized at the HF/DFT hybrid B3LYP [29] level using the 6 -311 g (d, p) basis set and the stability were confirmed by checking no imaginary frequency. In order to produce reliable resonance in Raman spectra, computation needs to reproduce any electronic absorption band that lies in the vicinity of the excitation wavelength used in the experiment. We tested different exchange correlation functionals and found that the long range corrected CAM-B3LYP [30] [32] .
Solvent effects were taken into account by the conductor like polarizable continuum model (CPCM) [33] . Natural bond orbital analysis was performed to provide the appropriate scheme for the metal-ligand interactions [34] [35] . Molecular orbital analysis was also done to calculate the HOMO-LUMO energy gap and the chemical reactivity indices (η and μ), on the basis of Koopmans [36] theorem at the same level of theory.
Results and Discussion

Spin State and Structural Analysis
After the full optimization, the total energy of the considered spin states for both The metal-ligand binding energies were computed according to Equation (1) [10].
( ) 
. The BSSE was within 0.003% of the complex energy which is in the range of computational error [40] . the most stable among all the considered complexes and employed for further investigation in gas phase and different solvents.
The geometrical parameters at different spin states for Fe 3+ complexes in gas phase are given in Table 2 Spin state 
Solvent Effects on the Binding Energies of [Fe(cat)3] 3−
In order to study the solvent effects on the iron binding with catechol, we have studied [Fe(cat) 3 ] 3− complex at the HS state in various solvents with the increasing dielectric constant including chloroform, acetone, ethanol, methanol, acetonitrile, DMSO and water (as shown in Table 3 ). The changes in binding energies in terms of dielectric constants are presented in Figure 2 . It is observed that the binding energies decrease as the dielectric constants increase, which is in well Figure 2 . The relationship between the binding energy values and solvent dielectric constants. agreement with a recent theoretical investigation [47] . It is due to the fact that, in presence of the solvents the solvation of the complex prevents their effective interactions.
Solvent Effect on the Carbonyl and Carbon-Carbon Stretching Frequency of [Fe(cat)3] 3−
The IR spectra of [Fe(cat) 3 ] 3− complex in gas phase as well as solvents are calculated. The C-O and C-C vibrational modes are given in Table 3 . It is observed that both these modes shift to a lower frequency (red shift) when the solvent polarity increases. Figure 3 
Solvent Effects on the Pre-Resonance Raman Shifts of [Fe(cat)3] 3− Complex
In order to study the effect of solvents on the preresonance Raman intensities, a wide variety of solvents with increasing dielectric constants were used. Using the optimized geometry for every solvent, the excitation wavelength was calculated with TD-DFT method. Using those wavelengths, we calculated preresonance raman with Raman Optical Activity (ROA). Figure 4 shows the pre-resonance Raman spectra of [Fe(cat) 3 ] 3− in three different solvents (water, ethanol and chloroform) along with the gas phase. It clearly indicates that, in presence of solvents, the Raman peaks shifted (blue shifts). We have also checked Raman shifts in acetone, methanol, acetonitrile and DMSO solvents. Table 4 lists the Raman peaks with nine strongest intensities. As observed (Table 4) , the vibrational modes have shifted to a higher frequency (blue shift) when the solvent Figure 5 shows the UV-vis absorption spectrum of the [Fe(cat) 3 ] 3− complex. The strongest peak was observed at 521 nm in gas phase. The absorption maximum was located at 521 nm, agreeing with the experimental wavelength (492 nm) of the maximum peak found for the tris(DOPA-PEG) Fe(III) [15] and 490 nm for tris catechol-iron complex [52] . We have also checked the absorption maximum at different solvents including chloroform, acetone, ethanol, acetonitrile, methanol, DMSO and water. In all cases, the maximum transition wavelength is obtained at 523 nm.
Solvent Effect on the UV-Visible Spectra
To characterize the electronic transitions, five frontier MOs were pictorized ranging from the highest occupied MO-2(HOMO-2) to the lowest unoccupied MO + 1(LUMO + 1) (Figure 6 ). The absorption maximum at 521 nm originated mostly (96%) from HOMO to LUMO transition in gas phase. In HOMO transition, the electron density existed mostly over three catecholate ligands. In the LUMO (as shown in Figure 6 ), the electron density has largely moved out of the catecholates into the Fe ion. Therefore the strongest peak in the UV-vis spectra has originated clearly from ligand-to-metal charge transfer.
NBO Analysis
In the natural bond orbital (NBO) analysis, the electronic wave function is elucidated in terms of occupied Lewis and unoccupied Lewis localized orbitals. The strength of donor-acceptor interactions, E(2), are evaluated by second-order perturbation theory [53] . Table 5 
Quantum Chemistry Reactivity Indices
The HOMO-LUMO energy gap (E g ) is an important factor for the evaluation of polarizability of a molecule [54] . The chemical stability assessment requires the knowledge of quantum chemistry reactivity indices such that a high HOMO-LUMO gap indicates a large chemical stability [55] . According to the frontier molecular orbital (FMO) theory, reactivity indices can be defined on the basis of the energy gap between the HOMO and LUMO. Hard molecules have a large energy gap while soft molecules have a small one. Soft molecules are more polarizable than hard type due to their small energy of excitation.
Quantum reactivity indices such as the HOMO-LUMO gap (E g ), chemical
hardness (η) and electronic chemical potential (μ) are reported in Table 6 . It is observed that E g in the gas phase is lower than other solvents which indicates that charge transfer is higher in solvents than in gas phase. The correlation between the chemical hardness and solvent dielectric constant is shown in Figure   7 . It is observed that the chemical hardness in the gas phase is lower than in the solvents. This indicates that the stability of [Fe(cat) 3 ] 3− in the gas phase is lower than in solution. 
Conclusions
The 
